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Treatment of primary effusion lymphoma cells latently infected by Kaposi’s sarcoma-associated herpesvirus
(KSHV; human herpesvirus-§ [HHV-8]) with agents such as 12-O-tetradecanoylphorbol-13-acetate (TPA)
induces a lytic viral replication cycle, with an ordered gene expression program. Initial studies of the KSHV
expression program following TPA induction using viral microarrays yielded useful information concerning the
viral expression program, but precise kinetic assignments for some genes remained unclear. Classically, late
herpesvirus genes require viral DNA replication for maximal expression. We used cidofovir (CDV), a nucle-
otide-analogue KSHV DNA polymerase inhibitor, to dissect KSHV expression into two components: genes
expressed without viral DNA replication and those requiring it. The expression of known immediate-early or
early genes (e.g., open reading frames [ORFs] 50, K8 bZIP, and 57) serving lytic regulatory roles was relatively
unaffected by the presence of CDV, while known late capsid and tegument structural genes (e.g., ORFs 25, 26,
64, and 67) were CDV sensitive. Latency-associated transcript ORF 73 was unaffected by the presence of TPA
or CDV, suggesting that it was constitutively expressed. Expression of several viral cellular gene homologs,
including K2 (vIL-6), ORF 72 (vCyclin), ORF 74 (vGPCR), and K9 (VIRF-1), was unaffected by the presence
of CDV, while that of others, such as K4.1 (vMIP-III), K11.1 (vIRF-2), and K10.5 (LANA2, vIRF-3), was
inhibited. The results distinguish KSHV genes whose full expression required viral DNA replication from those
that did not require it, providing additional insights into KSHV replication and pathogenesis strategies and

helping to show which viral cell homologs are expressed at particular times during the lytic process.

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human
herpesvirus 8 (HHV-8), has been associated with Kaposi’s sar-
coma (KS) (14), primary effusion lymphomas (PEL) (or body
cavity-based lymphomas [BCBL]), and some forms of multi-
centric Castleman’s disease (MCD) (10, 72). KSHV, a member
of the lymphotrophic gammaherpesvirus family, is distantly
related to Epstein-Barr virus and more closely related to her-
pesvirus saimiri and rhesus monkey rhadinovirus. KSHV has a
double-stranded DNA genome of about 145 kb organized into
at least 88 open reading frames (ORFs) (9, 48, 55, 61, 68, 69,
83). Some transcripts are spliced to produce alternative mes-
sage species, such as ORF K8 and K8.1 (13, 44). Some KSHV
genes, such as K1 or K15, show distinctive geographically as-
sociated variations (64, 85). KSHV has many conserved genes
with homologies to other herpesviruses, such as those encoding
viral transactivators, genes involved with viral DNA replica-
tion, and viral structural proteins. In addition, KSHV also
contains a large complement of cellular accessory gene ho-
mologs, many of which are involved in potentially oncogenic
processes, such as cell cycle regulation (vCyclin), promotion of
cell growth or angiogenesis (VIL-6, vVIL-8R or vVGPCR, vMIP-I,
and vMIP-III), and inhibition of programmed cell death
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(VFLIP and vBcl-2). PEL cells have not been found to carry
cellular gene mutations associated with other B-cell neo-
plasms. Although contributions from cellular genetic alter-
ations cannot be ruled out entirely as the responsible cause of
the neoplastic phenotype, the expression of certain KSHV
genes is believed to be responsible for the neoplastic pheno-
type of this and other KSHV-associated neoplasms.

During an infection, after KSHV enters the nucleus, the
virus can enter a latent state, with the viral DNA existing as an
episome, expressing only a few latency-associated genes. The
in vivo events that trigger the entry of latently infected cells
into the lytic cycle are unclear, but in PEL cell lines, KSHV
lytic replication can be induced with phorbol esters or sodium
butyrate (52, 67). Like other herpesviruses, KSHV lytic repli-
cation follows a carefully ordered gene expression program
that leads to mature virion production (34, 58, 63). While the
expression patterns of some genes have been clearly described,
the expression patterns of others are less clear. However, sev-
eral approaches, including the use of agents that block the viral
replication cycle at distinct stages, offer the opportunity to
more precisely define the viral gene expression program.

Classic studies, initially performed on herpes simplex virus,
were able to identify several temporally distinct classes of
genes that were expressed during the replication cycle: (i) the
alpha class or immediate-early genes, which mainly regulate
viral gene expression and do not require de novo protein syn-
thesis for full expression; (ii) the beta class or early-middle
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FIG. 1. The effect of CDV on KSHV RNA synthesis, cell viability,
and virion production. (A) Real-time RT-PCR assay for KSHV ORF
17 RNA. RNA was harvested at 72 h after the induction of lytic
replication from BCBL-1 cells pretreated with 0, 10, 25, 50, 75, and 100
uM CDV. The TPA-induced and CDV-treated ORF 17 cycle thresh-
old (Ct) values were normalized against endogenous GAPDH Ct (dCt)
values, and the Ct value for the latent background non-CDV-treated
samples was subtracted to determine the net expression (ddCt). Data
values were calculated as the amplification efficiency of the ORF 17
probe, one doubling per cycle, raised to the power of —ddCT (2~ 94¢")
to determine the change (n-fold) in expression. Data values from three
independent experiments are plotted as the average percentages for
the maximal TPA-induced, non-CDV-treated (0 wM) conditions set at
100% expression. (B) BCBL-1 cells with 100 pM CDV pretreatment
(indicated with a white X on a black circle and a stippled line) and
non-CDV-treated cells (black diamond with solid line) were induced
with 20 ng of TPA/ml and grown in parallel with untreated cells (open
triangle with dashed lines). Samples were collected at serial time
points, and viability was determined with trypan blue staining. Data
shown are the averages of three separate experiments. The presence of
CDV appeared to have no effect on BCBL-1 cell viability. (C) Real-
time PCR assay for virion DNA. Supernatant was collected at the
indicated time points from untreated (open bar), TPA-induced (black
bar), and TPA-induced and 100 uM CDV-treated (gray-shaded bar)
cell culture samples and assayed for KSHV DNA after an initial
DNase treatment, followed by SDS-proteinase K treatment and DNA
extraction. CDV suppresses late KSHV replication in a dose-depen-
dent manner and inhibits free virion DNA to near-baseline levels.
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genes, which typically mediate viral DNA replication and re-
quire de novo protein synthesis for expression but whose ex-
pression is not suppressed by drugs that inhibit viral DNA
replication; and (iii) the gamma class or the late genes, which
mainly include virion structural genes and which require viral
DNA replication for maximal expression (28, 29).

Here, we defined one aspect of the KSHV gene expression
program by use of an inhibitor of KSHV DNA replication,
cidofovir (CDV) (35), and a newly designed and constructed
long oligonucleotide KSHV microarray, which offers several
advantages over previous KSHV expression profiling technol-
ogies, including the more specific detection of transcripts and
the ability to detect certain polymorphic and variant tran-
scripts. The viral DNA replication inhibitor allowed the clear
definition of the late viral transcripts that depend on viral
DNA replication from the other transcripts. This clearer de-
lineation of KSHV replication kinetics yielded some notable
insights concerning the expression patterns of the viral acces-
sory cellular gene homologs, including those with putative on-
cogenic activity. The expression of several genes with onco-
genic and angiogenic activity, including vGPCR (3, 4, 81),
VMIP-I (7), and VIL-6 (2), was not inhibited by CDV treat-
ment, suggesting that these viral cellular gene homologs are
expressed early during the viral replication cycle to prepare the
host cell for the subsequent stages of viral replication and to
blunt the host response to infection. The results also indicate
that the oncogenic KSHV genes do not require viral DNA
replication for their maximal expression, providing additional
insights into the oncogenic properties of KSHV genes and
suggesting strategies that may or may not be helpful in treating
KSHV-related neoplasms.

MATERIALS AND METHODS

Cell culture, TPA induction, and CDV treatment. BCBL-1 cells (67) were
obtained from Michael McGrath and Don Ganem through the AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of Al-
lergy and Infectious Diseases, National Institutes of Health (NIH). BCBL-1 cells
were cultured in growth medium containing RPMI 1640 (BioSource, Camarillo,
Calif.) with 10% fetal bovine serum (HyClone, Logan, Utah), 2 mM L-glutamine
(Sigma Co., St. Louis, Mo.), penicillin (Sigma) (100 U/ml), streptomycin (Sigma)
(100 pg/ml), and 5 X 107> M 2-mercaptoethanol (Sigma) (BCBL-1 medium) at
37°C with 5% CO,. Cells were maintained at densities between 2.5 X 10° and 3.0
X 10° cells/ml and split every 2 to 3 days. Cells were seeded the day prior to
induction at a density of ~2.5 X 10° cells/ml in BCBL-1 medium or BCBL-1
medium containing CDV {1-[(S)-3-hydroxy-2-(phosphonomethoxy)propyl] cyto-
sine dihydrate; Vistide} (Gilead Sciences, Inc., Foster City, Calif.). KSHV was
induced into lytic replication by adding 12-o-tetradecanoylphorbol-13-acetate
(TPA) (Sigma) to a final concentration of 20 ng/ml. One hour after TPA addi-
tion, cells were washed with BCBL-1 medium with or without CDV and incu-
bated at 37°C. For the microarray experiments, the cells were pretreated with 100
M CDV and samples were collected at 0, 6, 8, 10, 12, 24, 36, 48, 72, and 96 h
postinduction (hpi) and harvested by centrifugation followed by two washes with
ice-cold phosphate-buffered saline. Supernatant (5 ml) was sampled at each time
point prior to cell harvesting for subsequent quantitation of supernatant KSHV
DNA.

CDV titration assay. To determine the optimal CDV concentration for sup-
pression of postreplication KSHV transcripts, BCBL-1 cells were seeded at a
density of 2.5 X 10° cells/ml in 2 ml of growth medium containing 0, 10, 25, 50,
75, or 100 pM CDV in triplicate wells of 12-well plates and were allowed to
incubate at 37°C with 5% CO, for 14 h prior to induction. TPA was added to
achieve a final concentration of 20 ng/ml, and cells were incubated for 1 h at
37°C, washed with prewarmed medium, and replaced in 2 ml of fresh medium
with CDV. The cells were incubated at 37°C for 72 h prior to harvesting.
Triplicate wells were pooled, and total RNA was isolated using an RNeasy
Miniprep kit (QIAGEN, Valencia, Calif.) following the manufacturer’s instruc-
tions. Residual DNA carryover was eliminated by two DNase I treatments (4
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FIG. 2. The effect of CDV on de novo KSHV DNA replication in BCBL-1 cells. Approximately 5 X 10° BCBL-1 cells under all treatment
conditions were resuspended in sample buffer A, loaded onto a 0.8% native vertical agarose gel, overlaid with lysis buffer, and electrophoresed
initially at 0.8 V/cm for 3 h and then at 4.5 V/cm for 12 h at 4°C. Gels were subsequently blotted for KSHV DNA with a KSHV-specific probe.
(A) Control lanes show the baseline KSHV DNA profile in untreated latent BCBL-1 cells and in KSHV virions, which show only the linear form.
Latent BCBL-1 cells show both the episomal circular KSHV DNA form and the linear KSHV DNA form, an indication that viral replication had
occurred. This observation is probably due to spontaneous lytic reactivation in a small percentage of the population of cells. (B) BCBL-1 cells
induced with TPA in the absence of CDV treatment. The first onset of actively induced, de novo KSHV replication occurs some time between 12
and 24 h after TPA addition, as the linear KSHV DNA form steadily increases in amount from 24 to 96 h. (C) BCBL-1 cells induced with TPA
in the presence of CDV. Active de novo KSHYV replication is inhibited by CDV after TPA induction. Only the carryover background linear viral
DNA still remains from the small percentage of cells that had spontaneously reactivated prior to CDV treatment and TPA addition, in similarity

to the untreated latent KSHV DNA profile.

units/treatment) and removal using a DNA-free kit (Ambion, Austin, Tex.)
following the manufacturer’s instructions.

Isolation of KSHYV virion-associated DNA. Virion-associated DNA was iso-
lated from KSHV particles in a 400-pl aliquot of supernatant collected at each
time point on the basis of the protocol of Nishimura et al. (62). Briefly, super-
natant was centrifuged at 5,000 X g for 5 min, followed by addition of DNase I
(Promega Corp., Madison, Wis.) to achieve a final concentration of 100 U/ml and
incubated at 37°C for 1 h to digest unprotected DNA. EDTA was added to
achieve a final concentration of 10 mM, and the mixture was incubated at 65°C
for 30 min to inactivate the DNase I. Sodium dodecyl sulfate (SDS) was added
to achieve a final concentration of 0.5%, proteinase K (Promega) was added to
achieve a final concentration of 200 wg/ml, and the mixture was incubated at
65°C for 2 h to remove the protective virion protein capsid and lipid coat. The
deprotected viral DNA was isolated by extraction with 1:1 volumes of phenol-
chloroform-isoamylalcohol (Invitrogen, Carlsbad, Calif.) (25:24:1) and centrifu-
gation at 10,000 X g for 2 min in a heavy phase-lock gel tube (Eppendorf,
Hamburg, Germany). The aqueous layer containing the viral DNA was collected
and ethanol precipitated with 0.3 M sodium acetate, air dried, and solubilized in
40 pl of 10 mM Tris-HCI-1 mM EDTA (TE).

RNA preparation. After harvesting, the cells were processed and poly(A)™
RNA was isolated using a Fast Track 2.0 kit (Invitrogen) following the manu-
facturer’s instructions.

RNA and DNA quantitation by real-time PCR. All real-time PCR assays were
carried out using an ABI Prism 7000 sequence detection instrument (Applied
Biosystems, Foster City, Calif.). The standard program parameters were 50°C for
2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. For
each treatment condition or time point, samples were amplified in triplicate wells
with a total reaction volume of 50 wl per well in 96-well optical reaction plates
(Applied Biosystems). Averaged cycle threshold (Ct) results were normalized
against endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
which was amplified in parallel for each condition or time point by use of an assay
system from Applied Biosystems. For KSHV RNA quantitation, 400 ng of DNA-
free total RNA was reverse transcribed for 1 h at 42°C in 20 wl of reaction buffer
containing 200 units of Superscript II (SSIT) Maloney murine leukemia virus
reverse transcriptase (RT), 1X SSII buffer, 10 mM dithiothreitol (Invitrogen),
2.5 uM random hexamers, 0.5 mM deoxynucleoside triphosphates, and 10 U of
SUPERase-In RNase inhibitor (Ambion). The RT reaction was heat inactivated
at 70°C for 15 min prior to real-time PCR quantitation. For a single PCR, 20 ng
of starting cDNA was used as a starting template in a reaction buffer containing
1X TaqgMan master mix (Applied Biosystems), 300 nM forward and reverse ORF
17 gene-specific primers, and 200 nM gene-specific TagMan sequence detection
probe (Applied Biosystems). The sequences for primers and TagMan probes

(with linked fluors in italic characters) were as follows: for forward primer /7RT-
F5,5-TGGGCTGGACACTGGGTCTATTTC-3'; for reverse primer /7RT-B5,
5"-AGATTTTTCACGGGGGCTCTGG-3'; and for TagMan probe labeled with
6-carboxyfluorescein succinimidyl ester (6-FAM) and carboxy-tetramethyl rho-
damine (TAMRA) 17TM, 5'-6FAM-TTCTGCACCGGAGCCATCACGTC-TA
MRA-3'.

For extracellular KSHV particle quantitation, 1 ul of KSHV DNA supernatant
preparation or reference standards with 10', 102, 103, 10%, or 10° copies of an
828-bp ORF 57 PCR fragment (63) were used as a template along with 1x
TagMan master mix, 300 nM forward and reverse primers for ORF 57, and 200
nM OREF 57 TagMan sequence detection probe and were run on a single 96-well
plate. The ORF 57 primer sequences were as follows: for forward primer 57RT-
F5, 5-TTTGTGACCAGCCGCCATAATCAAG-3'; for reverse primer 57RT-
B5, 5'-TCATTTGTTCCTCCACGAAAGCCCC-3'; and for TagMan probe
57TM, 5'-6FAM-AGAAACCGCAGCCGCCGGAG-TAMRA-3'.

Analysis of de novo viral DNA synthesis. The native DNA agarose gel assay for
the linear and circular herpesvirus DNA was first described by Gardella et al.
(21) and applied to KSHYV studies by Renne et al. (66). Briefly, approximately 5
% 10° BCBL-1 cells were collected at serial time points following TPA induction
of lytic KSHV replication in the presence or absence of CDV. The cells were
pelleted, resuspended in 100 wl of sample buffer A containing 15% Ficoll, 40 pg
of RNase A/ml, and 0.01% bromophenol blue in 1X Tris-borate-EDTA, and
loaded into 20- by 10-mm slots of a 110-mm-long X 140-mm-wide X 3-mm-thick
vertical 0.8% SeaKem Gold (Cambrex, Rockland, Maine) agarose gel. A total of
100 pl of lysis buffer containing 5% Ficoll, 1% SDS, 1 mg of pronase/ml, and
0.05% xylene cyanol was carefully overlaid on the cell suspension, and the gel was
electrophoresed at 0.8 V/cm for 3 h and then at 4.5 V/cm for 12 h at 4°C by use
of 1X Tris-borate-EDTA running buffer. After electrophoresis, the gel was
stained with ethidium bromide, treated with 0.25 M HCI for 8 min followed by
treatment with 0.5 M NaOH and 1.5 M NaCl, and then neutralized with 0.5 M
Tris and 3 M NaCl. The DNA was transferred with 10X SSC (1x SSCis 0.15 M
NaCl plus 0.015 M sodium citrate) to a Nytran membrane and hybridized with a
KSHV-specific probe.

RNA blot analysis. A total of 3 ug of poly(A)"™ RNA was mixed with 1:1
volumes of glyoxal denaturation-loading buffer (Ambion), incubated at 50°C for
30 min, and electrophoresed on 1% agarose at 4 V/cm. The fractionated RNA
was then capillary transferred to a Nytran nylon membrane (Schleicher and
Schuell, Keene, N.H.) overnight by use of 10X SSC. The membrane was washed
briefly in 5X SSC and UV cross-linked at 120 mJ with a Stratalinker 2400 system
(Stratagene, La Jolla, Calif.).

The probes used in the hybridization reactions were PCR-amplified products
of KSHV ORF 17 or 57 (63) labeled with [a-**P]dCTP (Amersham, Piscataway,
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FIG. 3. The effect of CDV on KSHYV early and late gene expression. RNA was isolated from BCBL-1 cells induced with TPA in either the
absence (A) or the presence (B) of CDV and assayed for the expression of a prototypical early KSHV gene, ORF 57, or a prototypical late KSHV
gene, ORF 17, by use of RNA blotting. The blots were reprobed with GAPDH as a loading control (G). In the absence of CDV, ORF 57 showed
increases in expression at early time points, while the expression of ORF 17 increased only later. CDV decreased the expression of ORF 17 but
had little effect on ORF 57. The signal due to each band was quantitated using a phosphor storage screen imager and normalized to the signal due
to GAPDH. The changes in expression for each gene at each time point were calculated by first normalizing the expression at each time point to
the signal due to a GAPDH loading control and dividing by the background expression observed for the gene in uninduced, latent cells and then
comparing the expression of the gene at each specified time point to the normalized expression of the gene at the 0 time point. (C) Data from the
early time points (0 to 12 h after induction) in the time course, plotted on an expanded scale, show that the expression of ORF 57 increased before
that of ORF 17 and that CDV had no effect on ORF 57. (D) The data from the entire time course show that in the absence of CDV the expression
of ORF 17 increased later than the expression of ORF 57 and that the presence of CDV led to a marked decrease in the expression of ORF 17.

N.J.) (3,000 Ci/mmol) by the random-primed method (Rediprime IT; Amersham)
and purified with MicroQuant G50 columns (Amersham). Blots were prehybrid-
ized and hybridized overnight at 68°C in PerfectHyb Plus (Sigma) with 10°
cpm/ml of labeled probe. The hybridized membranes were washed at room
temperature in 2X SSC-0.1% SDS followed by washes at 68°C with 0.5X SSC-
0.1% SDS and 0.1X SSC-0.1% SDS wash buffers. The filters were exposed to
storage phosphor screens (GP; Molecular Dynamics, Amersham) (20 by 25 cm),
scanned with a Storm 840 PhosphorImager (Molecular Dynamics, Amersham),
and quantitated with ImageQuant software (Molecular Dynamics, Amersham).
The blots were then stripped with 1% SDS-0.1X SSC at 80°C. The stripped blots
were quantitated for RNA loading by probing for GAPDH.

KSHYV DNA oligonucleotide array design. A total of 84 65mer DNA oligomer
probes were custom designed on the basis of available genomic or cDNA se-
quence information (9, 11, 12, 14, 23, 27, 40, 56, 57, 60, 61, 68, 69, 74, 75, 77, 82,
83). An additional 10 oligonucleotides, 60 to 65 bases in length, were designed on

the basis of GenBank cDNA submissions and/or available published information
concerning alternatively spliced transcripts. The oligonucleotide sequences were
selected using the primer design tools of Compugen (http://www.labonweb.com)
and, in some cases, using MacVector (Accelrys, San Diego, Calif.) or manual
inspection to design additional primers. These oligonucleotides included the
following: K8 type I (T1), which detects the message encoding the functional K8
bZIP protein containing exons I to IV; K8 T2 and T3, which detect the K8 A
bZIP alternative transcripts with a premature stop codon prior to the activation
domain in exon IIT; K8 T3, which detects the A bZIP transcript containing exon
I-intron I-exon Il-intron II-exon III-exon IV (44); K8.1A, which detects the
752-bp product lacking a 95-bp internal sequence; K8.1B, which detects a shorter
569-bp product lacking a 277-bp sequence (13); and oligonucleotides detecting
ORF KI sequences representing geographic or strain-based polymorphisms
(Asia subgroup D, Africa-South America subgroup B, and a universal K1 oligo-
nucleotide that serves as a detector for conserved sequences found in the N
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terminus) (85). Two oligonucleotides were designed to differentiate the P (pre-
dominant) and M (minor) expressed alleles of ORF K15 (64). A probe for
human CCL-18 (SCYA-18/MIP-4/DC-CK-1/PARC) (26) was also present on the
array as a positive control for TPA induction. (TPA induction was found to
increase up to 14-fold at 6 h post-TPA addition, regardless of the CDV treatment
regimen employed). The oligonucleotides are listed in Table 1. All oligonucleo-
tides were sequence verified using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
The KSHV elements were printed along with a set of probes for 96 human
“housekeeping” (HK) genes (catalog no. HUMLIBTST; Compugen [http://www
Jabonweb.com]). The HK elements were used for normalization; generally,
three HK elements were printed for each KSHV element. Array elements were
spotted in duplicate on two separate regions of the slide, and the highest of the
duplicate background-subtracted median signal intensities was used for subse-
quent analyses.

KSHYV oligonucleotide array fabrication. Oligonucleotides were lyophilized in
96-well plates. The KSHV oligonucleotide master plate was solubilized to an
initial 5X concentration of 1 ug/ul in TE buffer. DNA (25 pl) from each well of
the master plate was then transferred to duplicate daughter U-bottom plates at
the same original well position. A total of 100 pl of 3X SSC was added to each
daughter plate to achieve a final 1X printing concentration of 10 uM or 200
ng/pl, and the mixture was sealed and stored at —80°C until ready for printing.
The control human oligonucleotide housekeeping plate was directly solubilized
to a 10 pM printing concentration with 3X SSC, sealed, and stored at —80°C
until ready for printing. All microarray printing was performed using an Omni-
Grid arrayer (Gene Machines, San Carlos, Calif.) at the Advanced Technologies
Center, Center for Cancer Research, National Cancer Institute. The 96-well
storage plates for the cellular housekeeping and KSHV genes were robotically
transferred to a 384-well printing plate. The housekeeping genes were trans-
ferred into triplicate wells. The oligonucleotides in the 384-well plate were
spotted in duplicate onto poly-L-lysine-coated slides by use of SMP-3 spotting
pins (Telechem International, Sunnyvale, Calif.), generating a total of eight
subarrays containing 2 X 3 subarrays of housekeeping genes and 2 X 1 subarrays
of viral genes. (An additional set of 384 human genes related to cell cycle control
was also printed on the arrays but was not analyzed for this study.) The printed
slides were allowed to dry for 1 to 3 days, UV cross-linked at 600 mJ, and blocked
according to the protocol of Massimi et al. (50).

DNA microarray probe labeling and cohybridization. The indirect-labeling
method was performed according to J. Hasseman’s standard operating proce-
dure for aminoallyl labeling of RNA for microarrays from The Institute For
Genomic Research (www.tigr.org). The hybridization method was performed
according to the protocol described by Ideker et al. (31). The hybridized slides
were then washed briefly at room temperature with 0.5X SSC and 0.01% SDS to
remove the coverslip, followed by three successive room temperature washes
with 0.5X SSC, 0.1xX SSC, and 0.01X SSC for 2 min for each wash. Slides were
dried by centrifugation and immediately scanned. Three independent time-
course experiments were performed. The data obtained from experimental re-
peats were consistent.

Oligonucleotide microarray analysis. The slides were scanned with a GenePix
4000 scanner (Axon Instruments, Inc., Foster City, Calif.) as previously described
(63) and analyzed using Genepix Pro 4.0 (Axon Instruments) and a custom
designed gene array list file generated by the Bioinformatics and Molecular
Analysis Section (BIMAS) at the Center for Information Technology (CIT),
NIH. The localized raw expression ratios were calculated following background
subtraction, and the expression ratios were normalized using the expression
ratios obtained for the control cellular housekeeping genes to obtain a calibrated
expression ratio (CalRatio) (6, 16). CalRatio data were subsequently uploaded
into the Center for Cancer Research Microarray Data Base (mAdb) (http:/
nciarray.nci.nih.gov/) for spot filtering and for clustering analysis using M. Eis-
en’s Cluster and TreeView software (http://rana.lbl.gov/EisenSoftware.htm). The
spot filtering criteria were a median target signal-over-background ratio of at
least 1.5 and a spot diameter of at least 90 microns. A simple data set extraction
was performed in which only the highest signal intensity ratio for each duplicate
DNA spot was used in the subsequent analyses. There were 90 ORF detectors
that passed initial spot filtering criteria and were used for statistical analysis.

Microarray data analysis and statistical considerations. CalRatios were log,
transformed and clustered using Pearson’s correlation coefficient with the hier-
archical clustering algorithm and Cluster and TreeView in the mAdb analysis
toolset. Graphical summaries of the data were prepared. For some analyses,
results were normalized to the maximum CalRatio value for each ORF. To test
the null hypothesis that CDV has no effect on an ORF’s CalRatio, we used
paired ¢ tests on all the data collected in three separate biological replicates. In
some cases, therefore, when the analysis included data from all time points, up
to 30 data points per KSHV gene were used in the analysis. When either the early
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(up to 24 h) or the late (24 to 96 h) time points were used, up to 15 data points
for each KSHV gene were included in the analysis. For some of these calcula-
tions, the JMP 5.0.1a statistical package (SAS Institute, Cary, N.C.) was used. All
tests were two-sided. We first computed ¢ tests for all time points (0 to 96 h) for
each ORF. Since CDV is a viral DNA replication inhibitor and since the late lytic
genes should show the largest difference from CDV results, we then split the
samples and separately computed ¢ statistics for the first half (early time points,
0 to 12 h) and the second half (late time points, 24 to 96 h) of the time course.

While there were 88 different ORF probes included in the array, there is a high
correlation among the expression patterns of many of these ORFs. Some of them
exist in polycistronic transcripts, some are controlled by the same regulatory
element(s), and some may be controlled by functionally similar regulatory ele-
ments. Herpesviruses frequently have been considered to have three or four
principal temporal expression classes. To control for multiple comparisons in our
analysis, we adjusted the prechosen alpha level of 0.05 by the number of inde-
pendent expression groups, which we conservatively estimated to be no larger
than 10. We thus chose the significance level to be 0.005 for all our tests.

The data discussed in this paper have been deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (www
.ncbi.nlm.nih.gov/geo) and are accessible through GEO accession number
GSE1640.

RESULTS

Effects of CDV on KSHV DNA and RNA synthesis. CDV, a
cytidine nucleotide analogue inhibitor of herpesvirus DNA
polymerases, has been shown to effectively inhibit KSHV DNA
polymerase and KSHV replication (35). We first sought to
determine the concentrations of CDV that would effectively
inhibit KSHV DNA replication and late gene expression in our
system. BCBL-1 cells were treated with various concentrations
of CDV for 14 h, and then KSHV was induced into lytic
replication with TPA. The cells were harvested after 72 h, and
total RNA was isolated from the cells. The relative amount of
ORF 17 RNA was determined with a real-time RT-PCR assay.
CDV decreased ORF 17 RNA production in a dose-depen-
dent manner; CDV at 75 uM reduced mean ORF 17 expres-
sion to 19% (= 2% standard error) of the level in untreated
cells (Fig. 1A). The presence of CDV at up to 100 uM had no
effect on BCBL-1 cell viability (Fig. 1B).

We tested the ability of CDV to inhibit KSHV virion pro-
duction by use of an assay for non-DNase-sensitive KSHV
DNA in the cell culture supernatant and found that 100 uM
CDV blocked KSHV DNA replication, decreasing the amount
of KSHV DNA produced following TPA induction to near-
baseline levels (Fig. 1C).

We assessed the effect of CDV treatment on KSHV viral
DNA replication by use of a native agarose gel electrophoresis
assay (21, 66) that distinguishes between linear viral DNA,
presumably the result of viral DNA replication, and circular
KSHYV DNA, presumably representing the episomal version of
the viral DNA. We found that the first increases in TPA-in-
duced, KSHV DNA replication were seen by 24 h (Fig. 2),
indicating that initiation of viral replication had occurred some
time between 12 and 24 h of TPA addition. When the cells
were treated with CDV, there were no observed increases in
linear KSHV DNA for up to 96 h post-TPA addition, indicat-
ing that CDV had completely inhibited KSHV DNA replica-
tion.

The effect of CDV on the KSHV gene expression program.
We used a newly designed and fabricated KSHV long oligo-
nucleotide array to obtain genome-wide quantitative infor-
mation about KSHV gene expression. The array contained
89 KSHV-specific detector elements, including detectors for
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essentially all the KSHV OREFs, with specific detectors for
certain alternatively spliced RNA species and geographic vari-
ants (see Materials and Methods). The array also included a
set of housekeeping genes for normalization purposes. To de-
termine the effects of CDV on the KSHV gene expression
program we collected samples in parallel at serial times (0, 6,
8, 10, 12, 24, 36, 48, 72, and 96 h) from uninduced BCBL-1
cells, from BCBL-1 cells treated with TPA to induce lytic
KSHYV replication, and from BCBL-1 cells treated with TPA in
the presence of CDV. We isolated RNA from the samples and
initially assessed RNA quality and the effectiveness of the TPA
induction by use of RNA blots for an early KSHV gene, ORF
57, and a late KSHV gene, ORF 17 (Fig. 3). To assess the
changes in ORF 57 and ORF 17 expression more quantita-
tively, we evaluated the signal intensity of the bands by use of
a phosphor storage screen imager. The results are plotted in
Fig. 3C (by use of an expanded scale for the early time points)
and Fig. 3D (with plotting of all of the time points). We found
that in the absence of CDV, ORF 57 began to show an increase
in expression at relatively early times, first showing an increase
in RNA levels by 6 h and continuing to increase in abundance
later in the time course, while ORF 17 showed increases in
expression at later times, first showing an increase at 24 h and
peaking in abundance by 48 to 96 h. CDV had modest effects
on ORF 57 expression but profoundly reduced the expression
of ORF 17, as assessed using the RNA blots.

After establishing the effects of CDV on the expression of
prototype early and late genes and on KSHYV viral replication,
we examined the effect of CDV on the global pattern of KSHV
gene expression. Figure 4 shows the calibrated expression ra-
tios (CalRatios) for KSHV genes after the induction of lytic
replication in the absence or presence of CDV. These CalRa-
tios compare the KSHV gene expression in the BCBL-1 cells
induced into lytic replication (with and without CDV) to the
expression in uninduced, latent reference BCBL-1 cells. (Fig. 4
also presents the results of additional statistical analyses dis-
cussed below.)

In an initial effort to describe the effect of CDV on the
KSHYV gene expression program, we used hierarchical cluster-
ing analysis, Pearson’s correlation coefficient, and a pair-wise
average linkage algorithm (17) to group genes with similar
expression patterns (Fig. 5). In the absence of CDV, the KSHV
transcription program following induction of lytic replication
by TPA closely resembled the patterns observed in previous
studies, in which lytic replication was induced either by TPA or
by the overexpression of the KSHV ORF 50 (Rta) (25, 49, 51,
58, 63, 75), with known immediate-early genes showing in-
creases in expression relatively early after induction and known
late genes, such as the virion structural genes, showing in-
creases in expression later in the lytic program (Fig. SA). For
cells that were treated with CDV prior to TPA induction, the
dendrogram is notably rearranged and shows marked changes
in the pattern of KSHV gene expression (Fig. 5B). Some genes
continue to be expressed at high levels in the presence of CDV;
these genes are grouped in a large cluster near the top of the
clustergram. After induction into lytic replication, the expres-
sion of a substantial number of genes, including many virion
structural genes, is greatly inhibited by CDV, as evidenced by
the many genes with black-colored blocks (indicating no
change in expression compared to the uninduced reference

FIG. 4. Statistical analysis of KSHV gene expression in response to the presence of CDV. Three independent experiments were performed. The results for each ORF were combined
and grouped prior to calculations performed using a paired ¢ test. Results for each ORF are displayed, ordered according to the physical location of the ORF in the KSHV genome. The
calibrated expression ratios (CalRatio) are shown for each ORF time point, as taken from one experiment. The CalRatio is the normalized, background-subtracted median target signal

intensity for the ORF from the induced cells divided by the normalized, background-subtracted median target signal intensity for the ORF in uninduced cells maintained and harvested in
parallel. Statistical analyses were performed on all time points (0 to 96 hpi), the early time points (0 to 12 hpi), and the late time points (24 to 96 hpi). The table shows ¢ ratios and associated
P values. Levels of significance are color coded (blue, P = 0.005; orange, 0.005 > P = 0.001; red, 0.001> P > 0.0001; pink, P = 0.0001). *, KSHV ORF descriptions or functional homologies

are as generally described by Russo et al. (69) or Neipel et al. (61). See references 18, 19, 22, 30, 32, 33, 37, 38, 39, 41, 42, 43, 46, 59, 71, 73, 78, 79, and 84 for specific information concerning

the ORFs, as indicated. S indicates CDV-sensitive genes; I indicates CDV-insensitive genes, as assessed using the ¢ statistic (P = 0.005) for the late data points.
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FIG. 6. CDV sensitivity of selected classes of KSHV genes. The graphs plot the ratio of the expression of the gene after induction to the
expression of the gene without induction. (A) Late KSHV transcripts. Various known late genes coding for viral structural and assembly proteins
show peak expression at 72 to 96 h (top graph). The presence of CDV completely abolishes the expression of these genes. (B) Selected
immediate-early genes. The top graph shows the expression profiles of several ORFs: 50 (RTA), K8 b-ZIP (RAP), 45, and 57 (MTA). The
expression of these genes is insensitive to the presence of CDV. (C) Selected KSHV accessory cellular homolog genes in the absence (top) or
presence (bottom) of CDV treatment. Certain cellular gene homologs were sensitive to CDV (VFLIP, vIRF-2, vIRF-3/LANA2, and vMIP-II1
[VMIP-1b]). Other cellular gene homologs were insensitive (VMIP-1 [vMIP-1a], vMIP-11, vCyclin, vVGPCR, vIL-6, vVIRF-1, and vBcl-2). See also Fig.
4.

cells) or green-colored blocks (indicating a reduction in ex-
pression compared to that of the uninduced reference cells) in
the presence of CDV. This is particularly notable in compar-
ison with the pattern seen in the absence of CDV, where there
are many red-colored blocks (indicating an increase in expres-
sion compared to uninduced reference cells) and essentially no
black- or green-colored squares at the later times. These CDV-
sensitive genes were grouped together near the bottom in two
separate clusters.

To illustrate the effect of CDV on selected classes of genes
that would likely show either sensitivity to CDV or a lack of

sensitivity to CDV, we chose 12 genes that included ORFs
encoding putative viral structural proteins or putative imme-
diate-early viral regulatory genes and transactivators (Fig. 6A
and B). Since some of the cellular homolog accessory genes are
believed to be critically involved in the pathogenesis of the
cancers related to KSHV, we also show in Fig. 6C the effect of
CDV on the expression of 11 selected cell homolog accessory
genes related to cell signaling and growth, immune evasion,
antiapoptosis, and angiogenesis. The presence of CDV dra-
matically suppressed the expression of all the KSHV late struc-
tural genes, indicating that, as expected, KSHV DNA replica-

FIG. 5. The effect of CDV on KSHYV global gene expression profiles assessed by hierarchical clustering. The column headings indicate the time
after TPA induction of lytic replication. Each row shows the expression pattern of a single KSHV ORF element expressed as a log,-transformed
expression ratio. Similar expression patterns, determined by Pearson’s correlation coefficient, were clustered by an average-linkage algorithm.
Expressed intensity is represented by the indicated color grid (see panel C legend). Green indicates lower expression compared to the mean, black
denotes expression equal to the mean, and bright red indicates very high expression compared to the mean. (A) No CDV treatment. Most of the
early genes are found near the bottom of the clustergram; late genes tend to be located near the top. (B) After 100 puM CDV treatment. The
clustergram grouping of genes is substantially rearranged, with CDV-sensitive genes closely grouped together. Arrow 1 points at a node of a large
cluster of CDV-insensitive KSHV genes. Genes expressed earlier tended to be less affected by the drug and are found near the top of the
clustergram. Note the relative location of ORF 50 among a small group of genes that showed very early expression starting at 6 h and continued
to be expressed throughout the time course. Arrows 2 and 3 indicate clusters that show genes that are sensitive and highly sensitive to CDV
treatment, respectively. Note expression is reduced at the late time points. Although present in this figure, ORF elements 20a, 31, 43, 56, and K8.1B
failed later quality-filtering criteria and were removed from further analyses. (C) Legend for color key. The top scale indicates the log,-transformed
expression ratio. The bottom scale indicates the calibrated expression ratio, where the calibrated ratio is the expression in TPA-induced cells in
the absence or presence of CDV treatment divided by the expression observed in uninduced latent reference cells.
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tion is required for the expression of these genes. When we
examined the effect of CDV on the expression pattern of the
putative immediate-early genes and transactivators (36, 44, 49,
83), we found that all of these genes showed only modest
decreases with CDV treatment. The modest decrease or pla-
teau in expression of the immediate-early genes observed with
CDV treatment after 24 h may result from the inhibition of
KSHV DNA replication in the dividing BCBL-1 cells during
the course of the experiment, causing a loss of newly accumu-
lated viral genomic templates for further transcription.

Some of the KSHV accessory cellular gene homologs, in-
cluding vCyclin, vIL-6, vVGPCR, vMIPs-1, -II, and -III, vFLIP,
vBcl-2, and VIRF-1, VIRF-2, and vIRF-3/LANA2, likely play
important roles in KSHV pathogenesis and the pathogenesis of
the cancers related to KSHV (1-5, 7, 8, 20, 24, 47, 54, 68, 70,
81). Since the expression patterns for some of the accessory
cellular gene homologs were unclear in previous studies and
since a careful determination of the accessory cellular gene
homolog expression patterns may offer additional insights into
their role in viral replication and the pathogenesis of KSHV-
related diseases, we paid particular attention to the expression
patterns of these genes and to their sensitivity to CDV (Fig. 4,
6C, and 7). We defined CDV sensitivity as a statistically sig-
nificant (P = 0.005) change in the expression of the gene
between CDV-treated and non-CDV-treated cells at the 24-
through 96-h time points after TPA induction, the time when
increases of viral linear DNA were observed (Fig. 2). The
accessory cellular gene homologs that showed sensitivity to
CDV treatment were vFLIP, vIRF-2, vIRF-3/LANA-2, and
vMIP-III. The cellular gene homologs that were insensitive to
CDV treatment included vMIP-I, vMIP-II, vGPCR, vIL-6,
VIRF-1, vBcl-2 and vCyclin (CDV insensitivity was defined as
being represented by a P value greater than 0.005).

The values obtained from the statistical analysis, utilizing a
paired Student’s ¢ test applied to the combined calibrated ex-
pression ratio results from three biological replicate experi-
ments on the basis of 15 data points for tests applied to either
only the late (24 to 96 h) or early (0 to 12 h) time points or on
the basis of the complete set of 30 data points per ORF, are
listed in Fig. 4 and are color coded by level of significance, as
also shown in Fig. 7. The genes are displayed in Fig. 4 accord-
ing to their physical order in the genome, beginning with ORF
K1 and ending with ORF K15, with any alternative transcripts
assigned the same order number. Although for Fig. 4 we made
an overall classification of each gene as being CDV sensitive or
CDV insensitive on the basis of the ¢ statistic by the use of the
late (24 to 96 h) data points, separate examinations of the early
(0 to 12 h) data points and of all (0 to 96 h) data points also
proved informative. When the early (0 to 12 h) time points
were examined separately, it became apparent that CDV treat-
ment was associated with a small but statistically significant
increase in expression for some KSHV genes, including ORFs
10, K2, 70, and K4. These genes are located in close physical
proximity to each other in the viral genome. For the late (24 to
96 h) time points, CDV strongly inhibited the expression of
many genes, including known structural genes such as ORFs
17,19, 22, 25, and 26, which are located closely together. Other
genes physically located together that were sensitive to CDV
included ORFs K10.5, K11, and K11.1 and ORFs 64 to 67.
With the exception of one gene, ORF 56, which did not pass
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our data quality filters, none of the replication-related genes
such as ORF 6, 9, 40, 41, 44, or 59 were significantly affected by
CDV.

The analysis showed that all of the known virion structural
genes expressed with late kinetics were significantly inhibited
by CDV. In contrast, the expression of the immediate-early
genes ORFs 50, 57, 45, and K8 Kb-ZIP did not show statisti-
cally significant inhibition by CDV, as expected. The more
detailed assessment of the accessory cellular gene homologs
showed that most of them were insensitive to CDV, indicating
that these genes were expressed with immediate-early to early
expression kinetics. These included vBcl-2, vCyclin (ORF 72),
vMIP-I (ORF K6), vMIP-II (ORF K4), vGPCR (ORF 74),
vIL-6 (ORF K2), and vIRF-1 (ORF K9). A few accessory
cellular gene homologs, including two of the viral interferon
regulatory factors, vVIRF-2 (ORF K11.1) and vIRF-3/LANA2
(ORF K10.5) and angiogenesis-related chemokine vMIP-III
(ORF K4.1), which exhibited late-expression kinetics, were
significantly inhibited by CDV. The viral FLICE inhibitory
protein homolog, vFLIP (ORF K13), was sensitive to CDV, as
assessed at the late 24- to 96-h time points. Interestingly, four
accessory cell homolog genes, vMIP-1I, vGPCR, vIL-6, and
VvIRF-1, showed statistically significant increases in expression
with CDV treatment during the early time period (0 to 12 h).

DISCUSSION

In the 1970s, several herpesvirus molecular virologists (28,
65, 76, 80) showed that herpesvirus gene expression followed a
clear, temporally ordered program; these virologists used
drugs that block herpesvirus replication at different stages to
carefully delineate the expression program, showing which
genes required viral DNA replication or protein synthesis for
expression. Those studies provided crucial information con-
cerning the replication and pathogenesis strategies of herpes-
viruses, showing, for example, that regulatory and frans-acting
genes were expressed early, that genes involved in viral DNA
replication were expressed in the middle of the replication
cycle, and that genes encoding virion structural proteins were
expressed at the end of the replication cycle. The advent of
array technology now allows for the careful description of the
expression patterns of the complete complement of KSHV
genes, information that offers much helpful information con-
cerning the replication and pathogenesis strategies of the virus
and may guide efforts at devising therapies for the diseases
caused by the virus (34, 63).

The KSHV genome map (Fig. 7) shows that there are re-
gions of the viral genome where most of the ORFs exhibit
CDV sensitivity or insensitivity. For example, the leftmost re-
gion (1 to ~18 kb) contained primarily non-CDV-sensitive
genes: ORF K1 to ORF 11. Further along the genome, from
approximately positions 31 to 53 kb, there is a cluster of ORFs,
from ORF 17 to ORF 33, transcribed in both directions, all
exhibiting strong CDV sensitivity. These observations suggest
that the regions containing ORFs with similar patterns of ex-
pression kinetics and sensitivity to CDV may be controlled in
a coordinate fashion by common regulatory elements. The
expression of some ORFs, however, is not closely coordinated
with the expression of surrounding ORFs. For example, the
lytic late gene ORF K8.1 (positions 76214 to 76508) is sensitive
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to CDV but is surrounded by non-CDV-sensitive genes. This
suggests that its expression may be controlled by systems dis-
tinct from those controlling neighboring genes.

The use of CDV, together with that of the KSHV array-
based assays, provides helpful information distinguishing the
temporal expression patterns of those genes that depend on
viral DNA replication for maximal transcription from those
that do not, thus providing new or additional insights into the
regulation of KSHV gene expression, particularly including the
expression of the KSHV genes that may mediate the patho-
genesis of the diseases associated with KSHV. Most of the
genes sensitive to CDV were virion structural proteins. With
the exception of ORF 63, all the genes encoding tegument
proteins were sensitive to CDV. A total of 75% of the genes
encoding capsid proteins were CDV sensitive. Interestingly,
only ~25% of genes with glycoprotein homology were CDV
sensitive. The remaining ~75%, which were CDV-insensitive
and were expressed early in the lytic cycle, may be required by
virus at a relatively early point in the replication cycle and so
may not have a strictly structural function or may need to be
expressed earlier in the replication cycle to allow for posttrans-
lational modification or targeting to the required location
within the cell by the appropriate time. Of the KSHV genes
thought to be involved in viral DNA replication, 87% were
CDV-insensitive, a finding that was anticipated. These genes
are required for the replication of KSHV DNA, so it would
be expected that they would be expressed before the time at
which CDV acts. As expected, all of the major early regulators
of transcription and replication, such as ORFs 50, 57, and K8
bZIP, were insensitive, with K8 showing small but significant
early increases in expression after CDV treatment.

Roughly 40% of the KSHV accessory genes homologous to
cellular genes are CDV sensitive, suggesting that these genes
may be regulated so that they function during the later stages
of KSHV replication. The CDV-insensitive accessory cellular
gene homologs, expressed with early expression kinetics, likely
prepare the host cell for the later stages of viral replication.
Some examples include genes involved in activities directed at
blocking host cell apoptosis during viral replication, genes
aimed at thwarting the host immune response to protect the
host cell against the immune response while the virus is repli-
cating, genes that may increase blood supply to regions in
which the host cell is located, or genes that may increase the
likelihood of viral spread.

Four KSHYV genes showed small, but statistically significant,
early increases in expression with CDV: vGPCR has been shown
to cause Kaposi sarcoma-like tumors in mice (4, 54); vIL-6,
which can be activated by alpha interferon (IFN-a), antago-
nizes the IFN pathway and bypasses the gp80 subunit of inter-
leukin-6R (IL-6R) to bind directly to the gp130 transducer, aid-
ing in cell proliferation and survival (15, 53); vMIP-11, related
to the RANTES CC chemokine, has been shown to promote
angiogenesis in chick chorioallantoic membrane assays (7);
and finally, vIRF-1 has been shown to inhibit transduction
of IFN-B and downstream inducibility of p21WAF/<"1 eading
to NIH3T3 cell foci formation and tumorigenesis in nude mice
(20). The cause of the increases in early expression seen for
these genes in the presence of CDV is unknown. Possibly they
are subject to negative regulation by a late gene whose expres-
sion is suppressed by CDV. Perhaps more interesting, how-
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ever, is the clinical significance of these findings. After KSHV
was identified as an agent associated with KS (14) and CDV
was found to strongly inhibit KSHV replication (35), CDV was
initially considered as a candidate therapeutic agent for KS.
However, a clinical trial of the use of CDV to treat KS showed
that while CDV could decrease KSHYV viral load, it failed to
produce an improvement in the KS lesions and, instead, was
associated with worsening KS disease, including the enlarge-
ment of existing lesions and the development of new lesions
(45). All four genes that showed increases in expression with
CDV (VGPCR, vIL-6, VIRF-1, and vMIP-II) have been impli-
cated in the pathogenesis of KS or KS-like tumors, offering a
rationale for the failure of CDV in the treatment of the dis-
ease. Thus, a careful study of the kinetics of KSHV gene
expression and the systems that control viral replication and
gene expression not only can yield interesting insights into the
basic biology of the virus but also can produce information that
can aid in the development of effective therapies for KSHV-
associated disease.
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